Data derived principally from peripheral tissues (fat, muscle and liver) show that insulin signals via diverse interconnecting intracellular pathways and that some of the major intersecting points (known as critical nodes) are the IRSs (insulin receptor substrates), PI3K (phosphoinositide kinase)/Akt and MAPK (mitogen-activated protein kinase). Most of these insulin pathways are probably also active in the ovary and their ability to interact with each other and also with follicle-stimulating hormone (FSH) and luteinizing hormone (LH) signalling pathways enables insulin to exert direct modulating influences on ovarian function. The present paper reviews the intracellular actions of insulin and the uptake of glucose by ovarian tissues (granulosa, theca and oocyte) during the oestrous/menstrual cycle of some rodent, primate and ruminant species. Insulin signals through diverse pathways and these are discussed with specific reference to follicular cell types (granulosa, theca and oocyte). The signalling pathways for FSH in granulosa cells and LH in granulosa and theca cells are summarized. The roles of glucose and of insulin-mediated uptake of glucose in folliculogenesis are discussed. It is suggested that glucose in addition to its well-established role of providing energy for cellular function may also have insulin-mediated signalling functions in ovarian cells, involving AMPK (AMP-dependent protein kinase) and/or hexosamine. Potential interactions of insulin signalling with FSH or LH signalling at critical nodes are identified and the available evidence for such interactions in ovarian cells is discussed. Finally the action of the insulin-sensitizing drugs metformin and the thiazolidinedione rosiglitazone on follicular cells is reviewed.
INTRODUCTION
An effect of diet on human reproduction was first commented on over 2000 years ago by Hippocrates as cited by Franks et al. [1] in an earlier review. Hippocrates noted that hardworking slim servant women were more fertile than their overfed and sedentary Roman employers. In more recent times, during the 19th and 20th Centuries, many authors have observed relationships between nutritional status and/or diet and fertility/infertility in sheep, cattle, rodents and primates. In human medicine, a link between insulin and ovarian pathology was established by demonstrating associations between insulin resistance and polycystic ovarian syndrome (PCOS). PCOS is a set of reproductive and metabolic symptoms associated with an imbalance of reproductive hormones in women. In cattle selected for high milk production, low concentrations of insulin in the post-partum period are associated with reduced fertility [2] , and in sheep an increased availability of energy-yielding substrates is associated with increased prolificacy [3] . These and many other observations have stimulated research into the physiological and biochemical basis of these relationships with a view to either improving the fertility of farm animals or curing those forms of human infertility associated with diet and metabolism. The dietary components implicated include protein, lipid and carbohydrate, especially glucose. In the present review we focus on the role of insulin and glucose.
Polycystic ovarian syndrome
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as insulin resistance [4] and the metabolic syndrome [5] . Approximately 50 % of women with PCOS are insulin-resistant, and approximately 10 % of these are severely insulin-resistant [6] . In addition, women with PCOS appear to have multiple lipid abnormalities including elevated levels of non-esterified fatty acids (NEFAs) and cholesterol [7] , problems which are also frequently associated with reduced post-partum fertility in the high-yielding dairy cow [8] . In the ovary, PCOS is characterized by increased numbers of pre-antral follicles, arrested follicular maturation and a disruption to the selection of the ovulatory follicle. These are due to either a reduced sensitivity to follicle-stimulating hormone (FSH) or enhanced follicular activity of luteinizing hormone (LH). Patients with PCOS show abnormal secretion of gonadotropin-releasing hormone (GnRH) and excessive LH release that stimulates theca cells to overproduce androgens. The peripheral conversion of circulating androgens in adipose tissue, stroma and skin to oestrogens results in increased oestrogen production in women with PCOS.
Bulimia nervosa and anorexia nervosa
These two human pathologies have secondary reproductive consequences linked to the dietary and metabolic changes associated with the conditions. Bulimia nervosa is a psychiatric disorder, and among its reported side effects are menstrual irregularities and infertility [9] . The infertility is not associated with weight loss as such, and it is probably a consequence of the extremes in glycaemic flux associated with cycles of binge eating and purging and/or periodic starvation on the ovary. Anorexia nervosa is a condition in women suffering starvation-induced chronic malnutrition where the effect of the consequent hypoglycaemia is exerted primarily at a hypothalamic level. It is clearly established in human as well as in animal models that starvation-induced chronic malnutrition reduces the secretion of hypothalamic GnRH and leads to anovulation. With anorexia nervosa, the primary reproductive effect is not ovarian, although direct ovarian effects of hypoglycaemia may be present [10] . The prolonged energy deficit of elite athletes and dancers has the same or very similar reproductive consequences as starvation-induced anorexia.
Cystic ovaries in high producing dairy cattle
The modern dairy cow has been genetically selected for very high milk production and they can produce up to three times the quantity of milk compared with unselected cows. During early lactation, these cows are physically incapable of eating enough to meet the demand for nutrients especially glucose, required to support the extremely high levels of milk production. Consequently the cows are in a state of chronic negative energy balance (NEB) and must mobilize adipose tissue to provide glucose for milk production. This NEB is a risk factor for ovarian dysfunction [11] , apparently because of the hormonal and metabolic adaptations that occur in response to NEB. Consequently, these cows have very poor fertility [2] characterized among other things by prolonged post-partum anoestrus, anovulation and the development of cystic ovarian follicles (COFs). The common occurrence of COF in high yielding dairy cows, and the phenotypic [12, 13] and genotypic [14] links with the yields of milk, milk fat and milk protein clearly link COFs with the high level of milk production. The changes in the circulating concentrations of reproductive and metabolic hormones in response to post-partum NEB, disrupts follicular development principally by acting on the hypothalamicpituitary axis to inhibit the neuro-secretion of GnRH. There is considerable evidence from studies in several species that show that hypoglycaemia and NEB inhibit the reproductive system at a hypothalamic level [15, 16] . In most cases, there is a complete cessation of follicular growth beyond the gonadotropin-independent stage of development. The presence of COF in high yielding cows suggests a direct ovarian action of NEB as well [17, 18] . A recent study shows that the reduced gene and protein expression of some downstream effectors in the early stages of the insulin signalling pathway may contribute to follicle persistence [19] .
Energy-yielding substrates in sheep
In the ewe a short-term increase in the availability of dietary energy during the last few days of the luteal phase is capable of stimulating the final stages of folliculogenesis, leading to an increased ovulation rate and thus an increase in the rate of twinning [20] . This effect is observed initially as an increase in the number of ovulatory follicles without accompanying changes in the circulating concentrations of FSH and LH [21] , suggesting an action at an ovarian level. These effects are associated with a shortterm increase in the availability of energy-yielding substrates derived from the diet [3] , especially glucose [22, 23] . Insulin has also been implicated in this physiological response to diet both as a mediator of the uptake of glucose and as insulin [24] . Similarly insulin-like growth factor 1 (IGF-I) has also been implicated; the infusion of glucose into ewes reduced follicular expression of IGF-IR (IGF-I receptor) and IGFBP2 (IGF-binding protein 2) mRNAs [25] . Both insulin and IGF-I increased the sensitivity of follicles to the action of FSH in the terminal stages of growth and development [26] . Several mechanisms of action of insulin and IGF-I at an ovarian level are possible, in particular by the direct activation of their receptors or by an increase in the bioavailability of IGF-I through a nutritionally mediated effect on intra-follicular IGFBPs [27] .
GENERAL OVERVIEW OF INTRACELLULAR INSULIN SIGNALLING
The transduction of the insulin signal has been intensively studied principally using muscle, liver and adipose tissue, and these findings are summarized in Figure 1 . Some, if not all, of these pathways appear to be functional in ovarian cells. Insulin exerts its pleiotropic effects after binding to the insulin receptor (IR), a member of the tyrosine kinase receptor family. Upon ligand binding, the IR undergoes conformational changes, which allow auto-phosphorylation of tyrosine residues located on the β subunits. Phosphorylated tyrosine residues serve as docking sites for various cellular substrates. In mammals, at least 11 intracellular substrates of the IR have been identified (reviewed in [28] ). These include the family of IRS (insulin receptor substrate) and Shc (Src homology collagen) proteins. Four different IRSs have been reported in various mammals and two additional IRSs have been detected in humans (IRS-5/DOK4 (docking protein 4) and IRS-6/DOK5 (docking protein 5)). These additional IRSs are involved in insulin signalling but are not involved in phosphoinositide kinase (PI3K) activation [29] and both are poor substrates for the IR [30] . The IRSs have different molecular masses (60-180 kDa) and show differential tissue distribution [31] . In mammals, Shc is also an IRS. There are 46, 52 and 66 kDa isoforms that arise from alternative splicing of the primary Shc transcript [32] . The 52 kDa and, to a lesser extent, the 46 kDa Shc isoforms are tyrosine phosphorylated in response to insulin. Most reports suggest that, in mammals, IRS-1 is the major substrate leading to stimulation of glucose transport in muscle and adipose tissue, whereas, in liver, IRS-1 and IRS-2
Figure 1 Following insulin binding, the IR auto-phosphorylates and then phosphorylates its substrates including the IRSs and Shc
Following phosphorylation, specific domains in these substrates interact with other proteins. One of the major complexes interacting with IRSs is PI3K, which is formed of two interacting proteins: a regulatory subunit (p85) and a catalytic subunit (p110). There are several isoforms of both subunits: p85α, p55α, p50α, p85β and p55γ for the regulatory subunit and p110α, β and δ for the catalytic subunit. The binding of the regulatory subunit to IRS forms an active heterodimer which phosphorylates membrane phosphatidylinositol residues in the 3 position of PIP 3 to form PDK1/2 (shown in blue). In turn, PDK1 phosphorylates (on threonine and serine residues) and thereby activates Akt/PKB (a serine/threonine kinase, with three isoforms). Downstream (orange boxes), Akt phosphorylates several kinases or transcription factors (some examples are shown) involved in most of the major metabolic effects of insulin: (i) glycogen synthesis through GSK3, which is inactivated by phosphorylation. The inactivation of GSK3 leads to the de-phosphorylation and activation of GS and hence to an acceleration of glycogen synthesis, (ii) inhibition of gluconeogenesis by turning off the PEPCK gene through inhibition of FOXO1 function (mainly in liver and adipose tissue), (iii) protein synthesis through mTOR and subsequent activation of p70 S6K and 4EBP1 (eukaryotic translation initiation factor 4E-binding protein 1), (iv) the Akt pathway also stimulates cell growth and differentiation (not shown in the figure) and (v) exerts anti-apoptotic effects by phosphorylating the anti-apoptotic protein, Bad. The kinase, PI3K also activates aPKCs (atypical PKCs) (yellow boxes), which in concert with Akt (via AS160) exerts different effects according to the tissue: in muscle and adipocytes they initiate the translocation of intracellular GLUT4 on to the membrane and thereby stimulate glucose transport into the cell. Another important and well-documented signalling pathway is the Ras/ERK pathway (green boxes). The binding of Grb2 (growth factor receptor-bound protein 2) and Sos (son of sevenless) to tyrosine-phosphorylated IRS or Shc can also activate the small GTPase Ras cascade, Raf and ultimately ERK1 and ERK2 (green boxes). When activated, these serine kinases simulate protein synthesis through the activation of p90 S6K and activate transcription factors and ultimately cell multiplication and differentiation. Some lipid phosphatases including PTEN and SHIP2 act on PIP 3 to decrease or extinguish the insulin signal. Some of the insulin-stimulated serine kinases (aPKC, JNKs, p90 RSK , ERKs and S6 kinase) may also exert negative effects on insulin sensitivity. Stimulatory connections are shown in black and inhibitory ones are shown in red.
have complementary roles in insulin signalling and metabolism. In contrast, Shc does not appear to be directly involved in the metabolic signalling of insulin, but has a critical role in insulininduced mitogenesis [33] . In mammals, tyrosine phosphorylation of IRS and Shc makes these proteins docking sites for various signalling proteins containing an SH2 (Src homology 2) domain. These intracellular interactions lead to the activation of the two main IR signalling pathways: PI3K/Akt and MAPK (mitogenactivated protein kinase) [34, 35] .
Mammalian PI3K is a heterodimer [36] composed of a catalytic subunit of 110 kDa (p110) and a SH2-domaincontaining regulatory subunit of approximately 85 kDa (p85) the two are associated non-covalently. In mammals, PI3K has five isoforms of the regulatory subunit (in three sizes) and three of the catalytic subunit. All four IRSs interact with all the regulatory subunits of PI3K, and thereby activate the catalytic subunit. Once docked to IRS, PI3K phosphorylates the membrane phospholipid phosphatidylinositol 4,5-bisphosphate (PIP 2 ), thereby producing phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ), which in turn acts as a second messenger to activate PDK1 (phosphoinositide-dependent kinase 1). The biological effects of the PI3K pathway can be negatively regulated at the level of PIP 3 by phospholipid phosphatases, including PTEN (phosphatase and tensin homolog and SHIP2 (SH2-domain-containing inositolphosphatase-2, which inactivate PIP 3 by de-phosphorylation [37, 38] . Activated PDK1 can then phosphorylate Akt/PKB (protein kinase B). Akt comprises three isoforms each encoded by a separate gene and it is a key branching point (critical node) for insulin signalling. Activated Akt directly phosphorylates and inactivates TSC2 (tuberous sclerosis complex 2) and GSK3 (glycogen synthase kinase-3), whereas it directly phosphorylates and activates Bad (Bcl-2-associated death promoter) and the forkhead transcription factor FOXO1 (forkhead box O1). Phosphorylation of FOXO1 results in downregulation of transcriptional activity and TSC2 is a direct upstream negative regulator of mTORC1 that is involved in the regulation of protein synthesis. Mammalian target of rapamycin (mTOR) is a highly conserved protein kinase that is found in two structurally and functionally distinct protein complexes: mTOR complex-1 (mTORC1) and mTOR complex-2 (mTORC2). In the first, mTOR is associated with raptor (regulatory associated protein of mTOR) and is a key regulator of cell growth, cell proliferation and mRNA translation, whereas in the second, mTOR is associated with rictor (rapamycin-insensitive companion of mTOR) and promotes actin cytoskeletal rearrangement, cell survival and cell cycle progression. The two best characterized downstream targets of mTORC1, 4E-BP1 (eukaryotic initiation factor 4E-binding protein 1) and S6K1 (p70 ribosomal S6 kinase 1), regulate protein synthesis. Phosphorylation of 4E-BP1 by mTORC1 induces the release of eIF4E (eukaryotic translation initiation factor 4E) from 4E-BP1 and the subsequent formation of eIF4F (translation initiation factor 4F) complex. Activation of S6K1 also contributes to increased translation elongation via the phosphorylation of the eEF2 (eukaryotic elongation factor 2). In addition, phosphorylation of S6k1 negatively regulates insulin signalling by phosphorylating IRS-1 on serine residues. The inactivation of GSK3 leads to the de-phosphorylation and activation of glycogen synthase (GS) and hence to an acceleration of glycogen synthesis. The phosphorylation of FOXO1 by Akt in response to insulin leads to the exclusion of FOXO1 from the nucleus and consequently prevents the positive effect of FOXO1 on phosphoenolpyruvate carboxykinase (PEPCK) gene transcription. Akt also exerts anti-apoptotic effects by phosphorylating Bad. In mammals, inhibition of the PI3K/Akt pathway blocks almost all of insulin's metabolic actions, including stimulation of glucose transport, glycogen synthesis and lipid synthesis [39] . Thus, this pathway has a pivotal role in the metabolic actions of insulin.
Thirteen glucose transporter (GLUT)-like proteins have been identified and characterized [40] in mammals. One of them GLUT4, is a member of the facilitative GLUT family, characterized by preferential expression in muscle and adipose tissue, and it is responsible for insulin-stimulated glucose uptake (reviewed in [41] ). The insulin-derived signalling pathways regulating the net gain in surface GLUT4 include activation of PI3K, PDK1/2, atypical PKC (protein kinase C) [42] , Akt and AS160 (Akt substrate of 160 kDa) and a pathway (Cbl/CAP) that is independent of the PI3K/Akt pathway [43] .
In mammals, the MAPK/extracellular-signal-regulated protein kinase 1/2 (ERK1/2) pathway is activated by insulin through IRSs or Shc tyrosine phosphorylation [28] . This pathway is composed of a set of three sequentially acting kinases. The activation of a MAPKKK (MAPK kinase kinase) (Raf) leads to the phosphorylation and activation of a MAPKK (MAPK kinase) called MEK1/2 (MAPK/ERK kinase 1/2), which then stimulates ERK1/2 MAPK activity through dual phosphorylation on threonine and tyrosine residues of ERK1/2 MAPK to regulate the expression of genes including some in the PI3K pathway, controlling cell growth and differentiation [44] . It also positively controls S6K1 phosphorylation [45] and this pathway can be blocked at Shc, by cytokines acting through the JAK (Janus kinase)/STAT (signal transducer and activator of transcription) pathway ( Figure 1 ).
GLUCOSE
From a physiological viewpoint, glucose is an enigmatic molecule. On one hand, it is a critical source of metabolic energy for cellular metabolism and therefore for life itself, and on the other hand it is potentially extremely harmful to protein function. Hypoglycaemia will quickly become life-threatening, whereas prolonged hyperglycaemia will lead to protein malfunction through the process of non-enzymic glycation of proteins and the formation of advanced glycation end-products (AGEs), thus altering their functional properties [46] . Consequently, mammals have evolved homoeostatic mechanisms that maintain blood and tissue concentrations of glucose within very narrow physiological limits. The AGEs have been implicated in reproductive conditions such as ovarian hyperstimulation syndrome and PCOS [47] , and glycated proteins have been implicated in the fetal malformations that can accompany diabetic pregnancy [48, 49] .
Sources of glucose in ruminants and monogastric species
In monogastric species, glucose is derived principally from the diet. Gluconeogenesis does occur, but it is secondary to diet as a source of glucose. In contrast, ruminants absorb very little glucose from the diet. The anaerobic conditions of the rumen reduce most carbohydrates and lipids to a series of volatile fatty acids (VFAs) and these provide over 70 % of the energy supply. In the ruminant, although most dietary glucose is reduced in the rumen and absorbed as VFAs (propionic, lactic and butyric acids), some glucose can survive the reducing conditions of the rumen to be absorbed from the small intestine. Although gluconeogenesis occurs in all mammals, ruminants are particularly dependent upon it for the generation of glucose. Propionate is the major VFA produced by rumen fermentation of carbohydrates and 45-60 % of glucose in ruminants is synthesized in the liver from propionic acid. Other sources of precursor carbon for synthesis of glucose via gluconeogenesis can be derived from the metabolism of glucogenic amino acids and include most except for leucine.
Uptake of glucose by ovarian tissues and the role of the GLUTs
Glucose is a hydrophilic molecule and cannot permeate the plasma membrane. Consequently, its uptake is mediated by a number of facilitative sugar transporters that exhibit different substrate specificities, kinetic properties and patterns of tissue distribution [50] . Published data show that various GLUTs are present in ovarian tissues, but with considerable species and tissue differences in the pattern of expression. GLUTs 1 and 4 are expressed in follicles from sheep [51] and GLUTs 1, 3 and 4 mRNAs were all expressed in bovine corpora lutea and follicles [52] . In the rat, GLUTs1, 3 and 4 and their mRNAs are expressed in ovaries [53] . In a recent study [54] , mRNAs for GLUTs 1, 3, 5, 8 and 13 were constitutively expressed, whereas GLUTs, 4, 6, 9, 10, 11 and 12 were differentially expressed, but GLUTs 2 and 7 were not expressed in human granulosa cells from patients with PCOS. The authors of some of these reports have also demonstrated that the expression of these GLUTs can be regulated by intraovarian factors involved in follicular development, maturation and ovulation, such as E2, IGF-I and interleukin-1β [55] as well as the classic regulators of ovarian function, gonadotropins [53] .
In the ovary of the rat the mRNA for GLUT3 was increased following an ovulatory stimulus using human chorionic gonadotropin (hCG) [56] and in bovine follicles, highly significant negative correlations were observed between the concentrations of glucose in follicular fluid and the levels of GLUTs1 and 3 mRNAs in granulosa cells [52] . These data imply that the hormonal environment of the follicle can affect glucose uptake and that the ovary has reproductive mechanisms to regulate glucose uptake by ovarian cells.
Role of glucose in the ovary
There is considerable published data reporting that glucose is present in follicular fluid from humans [57] , macaques [58] , buffalos [59] , sheep [60] , cattle [61] , pigs [62] , camels [63] and horses [64] , and follicular fluid is the presumed source of glucose for the avascular membrana granulosa. Most authors report that the concentration of glucose in follicular fluid is lower than the concomitant concentration in serum or plasma and furthermore most report significant differences in the concentrations of glucose in follicular fluid of different follicles from the same animal, implying some local (hormonal) regulation of the movement of glucose into or its utilization by follicles. The concentration of glucose in follicular fluid was higher in larger follicles [60, 65, 66] and highest in pre-ovulatory follicles. Although intrafollicular glucose was increased following an ovulatory stimulus in the macaque, the mural granulosa cells were not able to utilize it, sparing the glucose for the cumulus-oocyte complex [58] . Thus, the intra-follicular concentration of glucose appears to be modulated to some extent by the hormonal environment of the follicle [60, 65, 66] , and it is correlated positively with in vitro fertilization (IVF) outcome [67] . However, the existing data do not reveal a completely clear picture, with numerous contradictory reports describing the relationships between intrafollicular glucose, follicle size and follicle status. Further research is required to establish how the intra-follicular concentration of glucose is regulated during folliculogenesis and its significance to fertility, especially in relation to the hyperinsulinaemia and hyperglycaemia associated with metabolic disorders [68] .
Glucose is an important energy substrate for the generation of ATP for the metabolic and physiological functions of the ovary, one of the most dynamic of the endocrine organs. It simultaneously nurtures the cyclic development of several follicles, the maturation and ovulation of the selected follicle(s) and subsequent formation and maintenance of a functional corpus luteum. There is a significant positive difference in the arteriovenous concentration of glucose in the blood flowing to and from the ovary [69] , indicating the uptake of glucose by the ovary. In the bovine ovary, the predominant energy substrate appears to be glucose, and the whole ovarian respiratory exchange ratio was calculated as 0.95 [69] . Glucose can be metabolized along multiple pathways, including glycolysis, the pathway of glycogen synthesis, the hexosamine pathway and the pentose phosphate pathway (PPP). Regardless of the pathway, the first step is the metabolism of glucose to glucose 6-phosphate, a step mediated by hexokinase and glucose-6-phosphatase. Glucose 6-phosphate can enter glycolysis through the action of phosphohexose isomerase or PPP via glucose-6-phosphate dehydrogenase. The outcomes of these two pathways are ATP and NADPH and ribose sugars respectively.
Early studies using the rat indicated that LH increased glucose uptake and lactate output, along with increased hexokinase activity [70, 71] , although relatively little subsequent work has been done on the metabolic fate of ovarian glucose. The exception to this is the cumulus-oocyte complex, where glucose metabolism by the cumulus cells has been shown to provide essential metabolites to the oocyte [72] [73] [74] . In sheep granulosa cells, glucose, metabolized under anaerobic conditions to lactate, is the preferred energy substrate to support the gonadotropin-induced differentiation of granulosa cells [75] and theca cells [76] cultured in vitro, and that fructose and pyruvate, but not galactose, are alternative energy substrates despite marked differences in the way that these substrates are metabolized.
The existence of well-characterized energy-sensing mechanisms in cells raises the possibility that glucose, in addition to being a source of energy, may also function as a signalling molecule. The two glucose-or energy-sensing mechanisms that could potentially act as signalling mechanisms in follicular cells are via AMPK (AMP-dependent protein kinase) and the hexosamine pathway. These have been discussed in previous reviews [77, 78] . Briefly, the serine/threonine kinase AMPK is an energy sensor that is activated by nutritional stress. It is present in the ovary and its activation leads to alterations in ovarian function. There is inhibition of P4 and E2 production [79] and of FSH-stimulated cell proliferation [80] . Glucose can enter the hexosamine nutrientsensing pathway which allows glucose to directly mediate gene expression [81, 82] . The end-product of this pathway is UDP-N-acetylglucosamine which, in addition to being an important substrate for glycosylation, can also increase the expression of the genes for some growth factors such as fibroblast growth factor 2 (FGF2), transforming growth factor β (TGFβ) [82] and TGFα [83] that have reproductive effects, in particular TGFα suppressed E2 secretion from the ovary in a sheep ovarian auto-transplant model [84] . Glucose inhibited K ATP channels in hypothalamic neurons, thus increasing cell excitability [85] . Glucose starvation stimulated AMPK in many cell types, including hypothalamic neurons [86] . In ovarian cells, on one hand, glucose deprivation activates AMPK and induces cell death though modulation of Akt [87] , and, on the other hand, the infusion of glucose into sheep reduced the phosphorylation of AMPK in granulosa cell lysates [22, 23] .
ACTIONS OF INSULIN IN GRANULOSA, THECAL CELLS, LUTEAL CELLS AND OOCYTES

Critical cross-talk nodes
Earlier, it had been suggested that insulin had gonadotrophic actions in the ovary [88] . It now appears much more likely that the gonadotropin-like actions of insulin are mediated via interactions between their respective signalling pathways at critical nodes such as Akt or MAPK [28] . In the follicle, there are several lines of evidence strongly suggesting that insulin-FSH, insulin-LH and FSH-LH cross-talk takes place and that it has biochemical and physiological consequences in the follicle.
Insulin receptors in ovarian cells
The IR is found in granulosa and thecal cells of different species [89, 90] and insulin receptor transcripts have been described in human, bovine and rat oocytes [91, 92] . The IR has two isoforms, IRA and IRB, which differ by the presence of 12 amino acids at the C-terminus of the α subunit [93] . Both isoforms can hybridize with each other as well as with the closely related IGF-IR (70 % homology). The expression of IRA mRNA greater than that of IRB in normal mural granulosa and cumulus cells [94] . In the oocyte, IR is not required for oocyte growth, differentiation and maturation. Indeed, when the IR is ablated in oocytes, the female mice are fertile and exhibit normal oestrous cyclicity, oocyte development and maturation, parturition frequency and litter size [95] . Although GLUTs have been reported in the oocyte [56] , it seems that they are non-functional. The oocyte obtains glucose via gap junctions from cumulus cells which take up glucose via GLUT-mediated mechanisms [96] .
The in vivo effects of insulin on the ovary
The published in vitro data suggest that insulin affects follicular development in vivo. However, although most of the published in vivo data agree with this broad generalization there are numerous contradictions between data derived from in vitro and in vivo experimental approaches [97] . Data from the two models are not directly comparable, but there should be broad agreement. The main difference between these two experimental methodologies is that in vitro insulin appears to stimulate E2 production by granulosa cells, whereas, in vivo, insulin appears to inhibit the ovarian secretion of E2. Using immature rat ovaries in a perfusion system, Peluso et al. [98] demonstrated that insulin was able to stimulate mitogenic activity and simultaneously to suppress oestradiol secretion. Although the infusion of glucose or the feeding on glucogenic diets, all treatments which increased plasma glucose concentrations, increased the number of follicles and stimulated insulin secretion [20] , it reduced the concentration of E2 and the follicular levels of CYP19a1 (cytochrome P450 19a1) [20, 22, 23] . Using an ovarian auto-transplant sheep model [99] in which the ovary was perfused in vivo with insulin without increasing the peripheral concentration of glucose, thus separating out the actions of insulin and glucose, insulin did not affect follicular steroidogenesis, and, when glucose was included in the perfusate, follicular steroidogenesis was inhibited [99] . Thus the in vivo effect of insulin on steroidogenesis appears to require the uptake of glucose and is associated with decreased phosphorylation of Akt, ERK and AMPK [22] . Finally, in the post-partum dairy cow, glucogenic diets that stimulated the secretion of insulin enhanced follicular development and advanced the resumption of ovarian cyclicity but, they had detrimental effects on embryo survival [100] [101] [102] .
The in vitro action of insulin in ovarian cells
In most in vitro systems, insulin stimulates both cell proliferation and steroidogenesis in cultured granulosa and theca calls. Insulin stimulated basal and FSH or LH-induced secretion of P4 and E2 and it was also able to stimulate basal and FSH-induced aromatase activity [103, 104] . However, in bovine granulosa cells high doses of insulin did not stimulate aromatase activity [105] , thus suggesting that a high concentration of insulin favours the secretion of P4 and androgen secretion over the secretion of E2. Insulin can also directly stimulate granulosa cell proliferation [106] . Finally, insulin increased glucose transport [107] , GS activity [108] , the intracellular accumulation of free fatty acids [109] and the expression of LH-induced low-density lipoprotein receptors [110] . Insulin-stimulated androgen secretion by human and animal theca cells [111] [112] [113] that provides substrates for the synthesis of E2 in granulosa cells [114, 115] . In rat thecal cells, insulin-stimulated cell proliferation and the expression of the cell cycle regulatory proteins CDK4 (cyclin-dependent kinase 4), cyclin D3 and PCNA (proliferating-cell nuclear antigen) were all blocked by rapamycin implicating the mTORC1 signalling pathway in these actions of insulin [116] . Landau et al. [100] suggested that insulin may affect oocyte maturation in vivo because there were increased levels of insulin in preovulatory follicles compared with subordinate follicles. Insulin in supra-physiological concentrations had a stimulatory effect on the cleavage and maturation of oocytes in vitro [101] , but prolonged hyperinsulinemia in vivo had a negative impact on the developmental competence of oocytes [117, 118] . In addition, it was reported that hyperinsulinemia was associated with impaired oocyte quality in cattle [119] .
INSULIN SIGNALLING PATHWAYS IN THE OVARY
The various insulin signalling pathways (Figure 1 
The PI3/Akt pathway
Among the various signalling pathways involved in the regulation of folliculogenesis and oogenesis [120, 121] , the PI3K/Akt signalling pathway with its many branches appears to be the main non-gonadotropic, regulator of the differentiation, growth and survival of follicles. The observations showing that the deletion of various genes in this pathway can cause premature ovarian failure (POF) and infertility (Tables 1 and 2 ) points to an essential role in ovarian function.
The kinase PDK1 is expressed in the oocyte, and appears to be indispensable for the survival of primordial follicles because mice deficient in PDK1 are infertile with accelerated ovarian aging and POF [122] . At a molecular level, the absence of this kinase from oocytes leads to the suppression of Akt/S6K1/rpS6 (ribosomal protein S6) signalling (Table 1) . The low activity of rpS6 leads to accelerated loss of primordial follicles; in contrast, its overactivity enhances follicular activation and survival [122, 123] . In the mouse ovary, PTEN is specifically expressed by oocytes and contributes to the maintenance of the pool of quiescent primordial follicles [122] . Its deletion causes Akt hyper-activation, thereby inducing the rapid depletion of the primordial follicle pool and POF [123] . It is noteworthy that, whereas the loss of PTEN in oocytes leads to POF due to excessive follicular activation and degeneration, PDK1 deficiency causes POF as a result of abnormal recruitment of primordial follicles [122, 123] . Both mutations have been implicated in the onset of POF in humans [122, 124] .
The role of Akt in the mammalian ovary has been mainly assessed by analysing null mice (Tables 1 and 2 ). Female mice deficient in Akt1 have reduced fertility, the onset of oestrus cyclicity is delayed by approximately 5 days, increased maternal age at first litter and a reduction in average litter size and a delay in the onset of puberty. The oocytes of primary follicles of Akt1-deficient females are larger than wild-type animals, and sometimes follicles contain multiple oocytes. The consequences of the deletion of Akt2 on fertility are still unclear, but Akt3-deficient females are reported to have normal fertility. In the porcine ovary, Akt1 has been localized in granulosa cells of primordial follicles and in the basal layers of the granulosa cells of pre-antral and antral follicles, but not in atretic follicles or corpora lutea. In the human ovary, Akt1 is expressed in oocytes, in granulosa cells and in the thecal cells of primordial follicles, in follicles at each growing stage and in the luteal cells Raptor (regulatory-associated protein of mTORC1)
Oocyte (of primordial follicles) Knockout Follicular development and fertility not affected, loss of mTORC1 signalling in oocytes triggered compensatory activation of the PI3K signalling, thus maintaining normal follicular development and fertility [207] Rictor (rapamycin-insensitive companion of mTOR, a key component of mTORC2)
Oocyte (of primordial follicles) Knockout POF phenotype, massive follicular death, excessive loss of functional ovarian follicles, abnormal gonadal hormone secretion [208] MAPK, also known as ERK Granulosa and cumulus cells Knockout Failed to ovulate and are completely infertile. Necessary for LH-induced oocyte resumption of meiosis, ovulation and luteinization [209] [125]. In rodents, Akt1 has been found in both granulosa cells and oocytes [122] . The presence of Akt has been reported in both sheep and cattle [126] , and in sheep, the infusion of glucose reduced the level of phosphorylated Akt in sheep granulosa cells [22, 23] .
The ERK pathway
The MAPK/ERK1/2-dependent pathway appears to be involved in several key processes induced by the LH surge, in pre-ovulatory follicles. These processes include the resumption of meiosis in the oocyte [127] [128] [129] , the expansion of the cumulus [127] , gene expression in the follicle [30, 34, 35] and the disruption of gap junctions within the follicle [129] . The MAPK/ERK1/2-dependent pathway also has been reported as being involved in the regulation of steroidogenesis in granulosa cells; however, its precise role in this process is controversial. Some studies suggest that activation of MAPK is required for promoting steroidogenesis and steroidogenic gene expression in granulosa cells [130, 131] , whereas other studies indicate that activation of MAPK3/1 suppresses these [132, 133] . Most of these studies use either luteinizing granulosa cells derived from patients undergoing IVF or rat granulosa cells isolated from early antral follicles. Therefore, species-specific variations, as well as other factors, such as the stage of development of the cultured granulosa cells, may account for these discrepancies.
GONADOTROPIN SIGNALLING PATHWAYS IN THE OVARY
Both FSH and LH signalling pathways in ovarian cells have been extensively studied [134] [135] [136] [137] . The first reported, and probably the primary pathway, for both gonadotropins is the cAMP/PKA Table 2 The
physiological and biochemical consequences of targeted disruption or overexpression of components of insulin signalling pathways in other (non-ovarian) cells
Note: knockout of insulin is lethal 2 days after birth [202] and knockout of the IR is lethal 1 week after birth [199] . 
IGFBP1
Overexpression in liver Reduced fertility Impaired fertilization or implantation, interrupted or prolonged pregnancies with fetal and neonatal death [222] (protein kinase A) pathway. However, subsequently, several other signalling pathways that respond to gonadotropin stimulation have been reported in granulosa, thecal and luteal cells. These include the PI3K/PDK1/Akt pathway, the MAPK pathways and the PKC pathway.
Follicle-stimulating hormone in granulosa cells
Granulosa cells contain FSH receptors and, on ligand binding, adenylate cyclase produces cAMP which then phosphorylates PKA which then phosphorylates multiple downstream substrates along diverse pathways leading to gene transcription. Over 100 FSH-inducible genes have been identified in granulosa cells [134] . Additional FSH signalling pathways that have been identified in granulosa cells include the cAMP-independent pathways PI3K/Akt and PKC that result in cAMP-independent responses to FSH in granulosa cells. The MAPK pathways ERK, JNK (c-Jun N-terminal kinase) and p38 MAPK can also be activated in granulosa cells by FSH via cAMP/PKA or independently. This array of FSH signalling networks has considerable overlap with the array of insulin signalling networks providing opportunities for cross-talk between insulin and FSH signalling pathways.
LH in granulosa and thecal cells
Thecal and luteal cells contain LH receptors and, similarly to FSH, ligand binding leads to the production of cAMP and phosphorylation of PKA. The signalling pathways for LH are very similar to those for FSH. Indeed, in the selected ovulatory follicle(s), LH can substitute for FSH to protect the selected follicle during the follicular phase from the damaging influence of the E2-driven decline in the circulating concentrations of FSH [77] . This action of LH providing an alternative to FSH to protect the follicle from atresia is probably mediated by the LH receptor. The principal pathway is the cAMP/PKA/CREB (cAMP-response-element-binding protein) pathway and other known pathways include the PI3K and ERK pathways.
INSULIN OOGENESIS AND FOLLICULOGENESIS
Primordial follicles
The formation of primordial follicles occurs during the latter half of pregnancy in humans and ruminants, but immediately after birth in rodents. The postnatal mouse ovary is mainly populated by primordial follicle each composed of a meiotically arrested primary oocyte surrounded by flattened pre-granulosa cells. Several lines of evidence suggest a close relationship between KIT ligand (KL) and the PI3K/Akt pathway, and that both are necessary for oogenesis and the early stages of folliculogenesis [138] . Because of its chemoattractant action, KL is fundamental in the control of the migration of primordial germ cells (PGCs) into the genital ridges. In purified mouse PGCs isolated 11.5-12.5 days post-coitum, KL stimulates the phosphorylation of Akt by either PI3K or Src kinases. The crucial role of Akt in promoting the survival and proliferation of PGCs has been confirmed by Kimura et al. [139] who found that apoptosis of PGCs was decreased and proliferation increased with the induction of Akt.
The primordial to primary follicle transition is also controlled by KL signalling through induction of the PI3K/Akt pathway. The interaction between KL, which is expressed primarily by granulosa cells and KIT receptor, which is present in oocytes [140] , stimulates the recruitment of PI3K from the cytoplasm to the cell membrane through the binding of the SH2 domain of the p85 subunit of PI3K to the phosphorylated tyrosine on KIT [138] . This binding promotes the activation of Akt and the subsequent phosphorylation of downstream target proteins. Activated Akt controls the phosphorylation of TSC2 that, in association with hamartin (TSC1), controls mTOR. In oocytes and granulosa cells, TSC1 is active and helps to regulate the pool of primordial follicles [141] . However, despite this evidence suggesting the importance of Akt for the survival and proliferation of PGCs, the effects of hyperinsulinemia on the formation of PGCs is not known.
Oocytes
The transformation of diploid oogonia into haploid oocytes involves many of the downstream targets of insulin signalling and thus is potentially influenced by insulin. Phosphorylated Akt controls the activity of the serine/threonine kinase, GSK3 and some of the FOXO family of transcription factors (FOXO1, FOXO3a and FOXO4). In mouse oocytes, granulosa cellderived KL regulates the PI3K/Akt pathway, because the specific PI3Kinhibitor LY294002 inhibits this process. The Akt1-mediated phosphorylation of GSK3α at Ser 21 or GSK3β at Ser 9 results in the inactivation of GSK3. In the bovine ovary, GSK3β is localized to cytoplasm of granulosa cells and oocytes throughout folliculogenesis. In MII (metaphase-II) oocytes, the kinase is present in a region between the oocyte and the first polar body. The use of specific inhibitors has suggested a role for GSK3β in the regulation of the MI to MII transition, probably participating in the activation of Aurora A kinase [142] . Also mouse oocytes contain GSK3 mRNA and protein, and its pharmacological inhibition causes an abnormal configuration and function of the meiotic spindle, chromatin organization and bivalent chromatin segregation. On the other hand, phosphorylated PKCζ inactivates GSK3β by phosphorylation on Ser 9 to help maintain spindle stability during meiotic metaphase arrest [143] .
The transcription factors FOXO1, FOXO3a and FOXO4 are also involved in the control of folliculogenesis [144] . One of them, FOXO3a, has been detected in the nucleus of oocytes in primordial and early primary follicles, and its expression is dramatically down-regulated in oocytes of primary and growing follicles [120, 145] . Although FOXO1 mRNA is expressed in mouse oocytes [120] and can regulate different functions, it is not expressed in sufficient quantities to substitute for FOXO3a. When oocytes are treated with KL, FOXO3 is phosphorylated and inactivated. In the oocyte, FOXO3a inhibits the production of bone morphogenetic protein (BMP-15) and possibly the activation of SMAD (homolog of Drosophila and C. elgans proteins) pathways that control the proliferation and differentiation of surrounding granulosa cells. It has been suggested that the only role of oocyte PI3K is to regulate FOXO3a activity [146] .
Gonadotropin-independent follicles
In the mammalian ovary, FOXO3a controls follicular activation and early follicle development. In fact, it suppresses the initiation of follicular growth and controls the rate of activation of primordial follicles. Knockout experiments in mice (Tables 1 and  2 ) have demonstrated the importance of FOXO3a but not GSK3 for the growth and development of gonadotropin-independent follicles. The functional consequences of FOXO3a inactivation is a rapid decline in fertility, an increased number of atretic follicle and a depletion of the primordial follicle pool. In these knockout mice, POF and infertility are established by 15 weeks of age [146] . The absence of oocyte-specific FOXO3 induces global activation of primordial follicles, as does deletion of PTEN [123] . However, in the absence of PTEN, PI3K is capable of directly stimulating Akt-dependent phosphorylation and nuclear export of FOXO3a, thereby triggering uncontrolled primordial follicle activation and POF. In contrast, overexpression of FOXO3a leads to female infertility due to impaired follicle development. In fact, in neonatal rat ovaries, the overexpression of FOXO3a and its downstream factors, Bim (B-cell lymphoma-2), FasL (Fas ligand) and the cell cycle inhibitor p27 (CDK inhibitor p27) stimulated apoptosis in naked oocytes. In addition, constitutively active FOXO3a dramatically affects BMP-15, connexin37 and connexin43, thereby inhibiting the growth of oocytes and follicles. Other specific target genes regulated by FOXO3 are p27 and the enzyme galactose-1-phosphate uridyltransferase (GALT), both involved in the control of follicular activation. In particular, FOXO3a enhances p27 expression and prevents its transfer from nucleus to ooplasm, thereby maintaining the growth-inhibitory function of this protein [147] .
FSH-responsive and FSH-dependent follicles
Granulosa cells
In granulosa cells, FSH regulates ovarian atresia via the PI3K/Akt/FOXO3a pathway (Figure 2) . Indeed, in the porcine ovary, FSH inactivated FOXO3a and prevented its binding to the pro-apoptotic Bim promoter [148] . Thus, in granulosa cells, FSH-dependent activation of Akt regulates apoptosis [148] and cell differentiation [149] . In contrast, in cumulus cells, FSHstimulated phosphorylation of Akt and MAPK participate in the maintenance of cell survival (Figure 2 ) and the synthesis and retention of hyaluronic acid [150] .
The expression and activity of FOXO1 are modulated by FSH and LH through the PI3K/Akt pathway [151] and FOXO1 expression is elevated in granulosa cells of growing follicles. Expression of a constitutively active nuclear form of FOXO1 in granulosa cells reduces cyclin D2, aromatase P450 (CYP19a1), FSH receptor, LH receptor and enzymes of the cholesterol biosynthetic pathway [147] . Following ovulation and luteinization, FOXO1 expression is reduced, and the most intensive FOXO1 staining is seen in the nucleus of granulosa cells of atretic follicles. This finding suggests a causal relationship between follicular atresia and increased nuclear FOXO1. In addition, FOXO1 is negatively regulated by Wnt signalling [152] . Unlike other FOXO members, FOXO4-null mice are viable and have no developmental defects or histological abnormalities suggesting functional redundancy in this subfamily. The PI3K/Akt pathway in the mammalian ovary is subject to regulation by the TGFβ superfamily which includes factors derived from Insulin signalling through Akt1 and FOXO1 can enhance FSH-stimulated steroidogenesis and, similarly, FSH acting through Akt1 can enhance insulin-stimulated glucose transport leading to increased flux through the hexosamine pathway and to the inhibition of aromatase. Thus insulin can interact with FSH to stimulate P4 and inhibit E2 production. Likewise, FSH acting via mTOR and/or ERK can enhance cell proliferation and protein synthesis, cell proliferation and, acting via Akt1 and FOXO3a, it can inhibit apoptosis. The FSH-stimulated FOXO1 pathway appears to have stage -specific effects in follicles; in small follicles granulosa cell proliferation is stimulated, in antral follicles it is steroidogenesis that is stimulated and, at ovulation, atresia is stimulated in non-ovulatory follicles. Stimulatory connections are shown in black and inhibitory ones are shown in red.
granulosa (activin, BMP-2, -5 and -6) and theca cells (BMP-2, -4 and -7) that are involved in the regulation of granulosa cell proliferation and follicle survival and apoptosis [120] . Recent data support a link between BMP signalling, PI3K/Akt and the small GTPase (Ras)/ERK pathways in the regulation of cell survival. In particular, it has been found that BMP-4 suppresses the apoptosis of granulosa cells by maintaining CAD protein (a 'fusion' protein encoding four enzymes of the pyrimidine pathway [152] ) in the cytosol instead of the nuclei, where the protein triggers DNA digestion.
Theca cells
Because LH and insulin act physiologically via distinct intracellular signalling mechanisms, their synergistic enhancement of theca-cell steroidogenesis likely entails important interactions between these two respective pathways (Figure 3) . Indeed, it has been shown that insulin significantly increased LH-stimulated cAMP accumulation in cultured porcine theca cells [153] . The insulin-stimulated increase in cAMP is probably induced through PI3K because the activation of adenylate cyclase by insulin was blocked with the use of non-specific inhibitors of PI3K in rat muscle. In addition, LH induced rapid activation of JAK2 in the rat ovary that then activated, through IRS-1, both the PI3K and the MAPK pathways [154] . Simultaneous stimulation with LH and insulin induced higher phosphorylation levels of these proteins compared with each hormone alone. Therefore, important cross-talk exists between the insulin and LH signalling pathways, such that increased activity of one pathway might also increase the responsiveness of the other pathway ( Figure 3) .
A study on normal human theca cells demonstrated that specific blockade of PI3K, but not of MEK, inhibited the stimulating effect of insulin and LH on ovarian cytochrome P450, 17α-hydroxylase/17,20 lyase (CYP C17-lyase) [155] . Another study confirmed these results in theca cells from normal and PCOS women and also constitutively reduced levels of phosphorylated MEK and ERK in PCOS cells. These constitutive defects were correlated with increased androgen production, irrespective of the presence of insulin [156] . Infection with dominant-negative MEK1 increased CYP C17-lyase mRNA, Insulin signalling through Akt1 can stimulate PDE to inhibit the degradation of cAMP and so enhance LH-stimulated androgen production; similarly, insulin acting via Akt1 and FOXO1 can enhance LH-stimulated steroidogenesis. Acting via mTOR and/or ERK, LH can enhance cell proliferation and protein synthesis and it can inhibit apoptosis. LH acting directly or via cAMP can enhance insulin stimulation of ERK, whereas, at the same time, LH can stimulate JAK2 which inhibits Shc activation of ERK. The balance of these opposing actions can modulate insulin-stimulated cell proliferation and protein synthesis. Stimulatory connections are shown in black and inhibitory ones are shown in red.
whereas constitutively active MEK1 reduced CYP C17-lyase mRNA. This suggests that alteration of the MAPK pathway can induce androgen hyper-responsiveness to insulin in PCOS ovaries.
Oocyte maturation
In rodents and humans, elevated levels of cAMP are necessary to maintain oocytes in meiotic arrest, and phosphorylated Akt and the mRNA for Akt have been detected in GV (germinal vesicle) stage oocytes [157] . The processes of ovulation, luteinization and oocyte maturation are triggered by the LH surge when this gonadotropin induces some elaborate signalling cascades that activate specific intracellular substrates. The LH surge stimulates PI3K/Akt [158] [159] [160] . High activity of Akt is necessary to phosphorylate PDE3A (cAMP-phosphodiesterase 3A) that specifically degrades cAMP [161] during the early stages of oocyte maturation to activate either PDE3A [158] or the downstream mTOR pathway, which phosphorylates factors promoting protein synthesis [162] . Suppression of Akt decreased CDK1 and delayed the resumption of meiosis in mouse oocytes [162] .
Following germinal vesicle breakdown, phosphorylated kinases are associated with microtubules of the first meiotic spindle [157, 162] . In vitro experiments clearly indicated that inhibition of Akt inhibits MI itself, and, at MII, Akt controls the extrusion of polar body 2 and normal chromosomal alignment on microtubules [159] . This role was confirmed by treatment with LY294002 that decreased phosphorylated Akt-Thr 308 , altered localization of phosphorylated Akt-Ser 473 during oocyte maturation and impaired extrusion of the polar body [159] . In cattle oocytes, Akt was involved in the regulation of meiotic MI-MII transition [160] and furthermore spindle migration and the asymmetric division during meiotic maturation are controlled also by mTOR [163] .
Comparison of the levels of mRNA for Akt1 during in vivo maturation showed a significant decrease in Akt1 mRNA from GV to MII and the level of expression can be differentially modulated by FSH [157] . At MII, phosphorylated Akt is still expressed and its role may be to support oocyte survival, at least during the fertilization window. The findings that Akt 1, 2 and 3 mRNA levels are very low in oocytes retrieved from ampullae 29 h post hCG and that protein content was dramatically decreased by 33 h post hCG confirm this hypothesis [164] . These data confirm the importance of PI3K/Akt pathway in oocyte maturation and indicate key roles for FSH and IGF-I, but, apart from being theoretically possible, tell us little of the involvement of insulin in oocyte maturation.
THE EFFECTS OF INSULIN-SENSITIZING DRUGS ON OVARIAN FUNCTION
At an ovarian level, it is thought that hyperinsulinemia has direct and indirect actions on folliculogenesis and intra-ovarian gonadotropin-driven granulosa and thecal cell steroidogenesis [165] . The biguanide metformin and the thiazolidinediones troglitazone (no longer available), pioglitazone and rosiglitazone are all antidiabetic drugs that act by improving the sensitivity of peripheral tissues to insulin, which results in decreased circulating insulin levels [166] .
Metformin
Metformin is an oral anti-hyperglycaemic drug that acts as an insulin-sensitizing agent that reduces hyperinsulinaemia and suppresses the excessive ovarian production of androgens in women with PCOS. It improves systemic hyperglycaemia by reducing hepatic glucose production and enhancing peripheral insulin sensitivity [167] . It stimulates the oxidation of fat and reduces the synthesis and storage of fat. The molecular mechanism of this drug is thought to be secondary to its actions on the mitochondrial respiratory chain. Metformin has been identified as a substrate of organic cation transporters (OCTs). Metformin uptake in the liver is mediated by OCT1 [168, 169] . Consistent with these data, the knockout of OCT1 reduces metformin uptake in hepatocytes, and humans carrying reduced function polymorphisms of the OCT1 gene display an impaired effect of metformin in lowering blood glucose levels [170] . In the human ovary, a strong expression of OCT1 has been detected suggesting a direct effect of metformin on ovarian cells [171] . One mechanism for these pleiotropic actions is the activation of AMPK, mediated by the proximal kinase, serine/threonine protein kinase 11 (previously termed LKB1) [172] . Although the efficacy of metformin for improving systemic metabolism in PCOS patients has been confirmed, its effect on reproduction remains controversial. Some investigators showed that metformin can improve conception rates following ovulation induction prior to IVF [173, 174] . In contrast, other studies demonstrated that metformin has no clinical benefit in terms of ovulation rate or pregnancy outcome [175, 176] . In women with PCOS, metformin treatment before or during assisted reproductive technology increased pregnancy rates and decreased the risk of ovarian hyperstimulation syndrome. However, there is no conclusive evidence of a benefit in live birth rates [177] .
Although the positive effects of metformin on reproductive parameters such as decreasing hyperandrogenism and inducing ovulation [178] are attributed to its insulin-sensitizing actions, there is accumulating evidence of a direct effect of metformin on ovarian steroidogenesis [179, 180] ; this is summarized in Table 3 . In human granulosa cells, metformin interacted with the IR to activate IRS-1 and -2, leading to an increased insulinstimulated translocation of GLUT4 to the plasma membrane via PI3K activation of Akt. Metformin directly increased the mRNA expression for IR and IGF-IR [181] , whereas it reduced that of aromatase through the MAPK ERK1/2 pathway [182] . These findings may have implications for the treatment of PCOS with metformin [183] . In primary human granulosa, metformin increased visfatin mRNA in a dose-dependent manner after treatment for 24 h, whereas it was reduced after 48 h of incubation [184] . Thus, metformin could increase insulin sensitivity through visfatin, an adipokine that has an important role in regulating insulin sensitivity. During oocyte maturation, the oocyte obtains most of its energy from cumulus cells, which metabolize glucose to produce pyruvate and lactate the preferred substrates of the oocyte [185] and metformin stimulated the production of lactate by human granulosa cells [186] . Lipids are another energy source for oocyte maturation, and metformin increased β-oxidation of fatty acids, which is essential for developmental competence of mouse oocytes [187, 188] .
Rosiglitazone
Contrary to metformin that primarily reduces hepatic glucose output, the thiazolidinedione rosiglitazone increases insulin sensitivity. Thiazolidinediones are a class of oral insulinsensitizing agents that exert their action as ligands of peroxisomeproliferator-activated receptor (PPARγ ). The PPARs are a family of transcriptional nuclear factors with three isoforms (α, β and γ ) belonging to the nuclear receptor superfamily of transcription factors [189] . Upon stimulation, PPARγ heterodimerizes with the retinoid X receptor (RXR) to bind to 'PPAR-responsive' elements, and thereby activating the transcription of specific genes. The activation of PPARγ regulates the synthesis of steroid hormones in granulosa cells and the disruption of PPARγ in the ovary leads to female sub-fertility [190, 191] . However the cardiovascular safety of rosiglitazone is questionable [192] and therefore its use in human medicine is limited.
Expression of PPARγ has been reported in granulosa cells from rats [193] , mice [191] , sheep [194] , humans [195] , pigs [196] and cattle [197] , and in human oocytes [198] . In follicles, PPARγ is detected in primary, secondary and pre-ovulatory follicles and its expression increases as follicles develop, but after the LH surge, PPARγ mRNA expression is reduced [193] . Insulin and the thiazolidinediones can independently stimulate the expression of PPARγ , IR, IRS-1 and StAR (steroidogenic acute regulatory protein) in human ovarian cells. Thus, PPARγ , IR with its signalling pathways and StAR constitute, in humans, a novel ovarian regulatory system with complex interactions among its components [199, 200] . Moreover, PPARγ has been defined as a critical regulator of ovulation because granulosa cell-specific deletion of PPARγ results in defective follicular rupture in mice [190] . In sheep granulosa cells, rosiglitazone inhibited cellular proliferation and increased the secretion of progesterone in vitro [194] . In contrast, it had no effect on LH, FSH, prolactin and growth hormone secretion by cultured ovine pituitary cells. Overall, these data suggest that PPARγ ligands stimulate follicular differentiation in vivo most likely through a direct action on granulosa cells rather than by modulating pituitary hormone secretion [194] . The ovarian actions of rosiglitazone are summarized in Table 3 .
Various endogenous factors, such as eicosanoids, fatty acids and prostaglandins metabolites, known to regulate ovarian function, are natural ligands of PPARγ (for a review, see [193] ). Among these, the lipoxygenase-derived and the epoxygenase-derived metabolites of AA (arachidonic acid) enhanced the transcription of StAR. It has been demonstrated that thiazolidinediones, synthetic ligands of PPARγ , modulate steroid production in reproductive tissues. For example, the activation of PPARγ by thiazolidinediones in porcine theca cells [196] , in rat [201] and ovine granulosa [194] cells, and in bovine luteal cells [197] leads Rosiglitazone and pioglitazone Diabetic women with PCOS Improved insulin resistance and hyperandrogenism by an unknown mechanism [231] Pioglitazone NCI-H295R cells Human cell line Inhibited androgen production by regulating expression of CYP17 and 3βHSD (3β-hydroxysteroid dehydrogenase) [231] to increased progesterone production. Somewhat different effects are observed in cultured human granulosa cells where activators of PPARγ decreased the activity of aromatase by blocking nuclear factor-κB (NF-κB) signalling [202] . Previously, the expression of StAR was increased in response to thiazolidinediones in both a mixed human ovarian tissue culture containing granulosa, theca and stroma cells, as well as purified human granulosa cells [199] . Furthermore, in mice, PPARγ is regulated by P4 in the preovulatory mouse follicles [190] . In addition, PPARγ may be indirectly involved in oocyte maturation via the granulosa cells. Indeed, disruption of PPARγ gene in the ovary using Cre-LoxP recombination technology led to female sub-fertility [191] .
CONCLUSIONS
The action of insulin and insulin-mediated uptake of glucose on ovarian cells is of importance for animal production (dairy cattle, small ruminants and pigs) as well as to some fields of human reproductive medicine. It is evident from the available literature that the function of the ovary is subject to some form of local or direct modulation by the insulin and insulin/glucose systems. Although the gonadotropins, LH and FSH, are the primary regulators of terminal folliculogenesis, early folliculogenesis can proceed in the absence of the gonadotropins. Furthermore, in the later gonadotropin-dependent stages of development, this process can be modulated by numerous external influences, insulin being one of them. Likewise, the converse is also possible, that is, the gonadotropins can also modulate the action of insulin in follicular cells. Thus in granulosa cells, insulin signalling through Akt1 and FOXO1 can enhance FSH-stimulated steroidogenesis, and similarly, FSH acting through Akt1 can enhance insulinstimulated glucose transport leading to increased flux through the hexosamine pathway and to the inhibition of aromatase. Likewise, FSH acting via mTOR and/or ERK can enhance cell proliferation and protein synthesis, and FSH acting via Akt1 and FOXO3a can inhibit apoptosis. In theca cells, insulin signalling through Akt1 can stimulate PDE to inhibit the degradation of cAMP and so enhance LHstimulated androgen production, similarly insulin acting via Akt1 and FOXO1 can enhance LH-stimulated steroidogenesis. Acting via mTOR and/or ERK, LH can enhance cell proliferation and protein synthesis and can inhibit apoptosis. LH acting directly or via cAMP can enhance insulin stimulation of ERK, while, at the same time, LH can stimulate JAK2 which inhibits Shc activation of ERK. The balance of these opposing actions of LH could modulate insulin-stimulated cell proliferation and protein synthesis in ovarian cells.
Folliculogenesis is a dynamic process, and the effects of the gonadotropins on folliculogenesis are stage-dependent and this stage-dependence is likely to also apply to the actions of insulin and to the efficacy of insulin-sensitizing treatments. For example, the FSH-stimulated FOXO1 pathway appears to have stage-specific effects in follicles: in small follicles, granulosa cell proliferation is stimulated; in medium-sized antral follicles, it is steroidogenesis that is stimulated; whereas, at ovulation, atresia is stimulated in the atretic non-ovulatory follicles. However, the FOXO1 pathway is but one example and the picture is far from complete, and we neither know nor understand all of the regulatory mechanism involved in the stage-specific effects of insulin during the continuum of folliculogenesis. Clearly, further research is indicated to understand more fully the mechanisms of action of insulin and the role of glucose in the follicle.
